To investigate the relationship between AP, cyclic GMP, and sodium excretion, we studied the effect of a cyclic GMP phosphodiesterase inhibitor (M + B22948) on the natriuretic response to (a) an infusion of AP (103-126) and (b) acute volume expansion in rats. The phosphodiesterase inhibitor markedly potentiated the effect of low-dose AP infusions on urinary sodium and cyclic GMP excretion without potentiating the fall in blood pressure. Acute volume expansion (1% body wt) led to small but significant (P < 0.01) rises in plasma AP and urinary cyclic GMP levels. Pretreatment with the phosphodiesterase inhibitor enhanced the natriuretic and cyclic GMP response to volume loading, an effect that was attenuated by administration of a monoclonal antibody directed against AP. These data indicate that cyclic GMP mediates the natriuretic activity of AP and AP and cyclic GMP play active roles in the natriuresis of acute volume expansion. Moreover, pharmacological manipulation of cyclic GMP levels may prove a useful therapeutic strategy for facilitating the natriuretic but not the hypotensive effects of
Introduction
Atriopeptin (AP, 99-126)' is a naturally occurring 28-amino acid peptide with natriuretic-diuretic and vasodilator properties (1) . Synthesized and stored in cardiac atria, it is released into the circulation in response to atrial stretch (2) . Circulating AP is thought to have a role in regulating intravascular volume. Consistent with this, plasma levels rise with intravascular volume expansion (3) and fall with volume depletion (4) . Moreover, pretreatment of rats with monoclonal antibody raised against AP markedly attenuates the natriuretic response of these animals to acute volume expansion (5) .
There is increasing evidence that cyclic GMP functions as an intracellular mediator of the biological activity of AP. The peptide increases cyclic GMP levels in a number of tissues, notably renal glomeruli and collecting ducts, vascular endo-thelium and smooth muscle, and the adrenal gland (6-1 1) . Early studies demonstrated that this was due to stimulation of particulate guanylate cyclase rather than inhibition of phosphodiesterase activity (9, 10) . More recently, cloning and expression ofthe gene for particulate guanylate cyclase in COS-7 cells demonstrated that this enzyme behaves as a receptor for AP (12) . However, while it is recognized that cyclic GMP may modulate vascular tone (13) , the idea that it also regulates urinary sodium excretion has not been adequately resolved. Support for such a role comes from studies which show that cyclic GMP reproduces the effects of AP on glomerular filtration rate (6) , sodium transport across renal inner medullary collecting ducts (14, 15) and renin secretion from juxtaglomerular cells (16) . In addition, cyclic GMP phosphodiesterase inhibition has been reported to enhance AP-induced inhibition of sodium-dependent oxygen consumption by renal inner medullary collecting ducts (14) . Nevertheless, while one study found a close relationship between AP-stimulated natriuresis and urinary cyclic GMP levels (17) , two other studies have demonstrated a dissociation between urinary cyclic GMP and urinary sodium excretion (18, 19) .
If cyclic GMP is an important mediator ofthe renal effects of AP, then it should be possible to potentiate the action ofAP on sodium excretion by cotreatment with a cyclic GMP phosphodiesterase inhibitor. Accordingly, we have investigated in rats the effect of M + B22948, a selective cyclic GMP phosphodiesterase inhibitor (20) (22) . After fusion, the cells were distributed into microtiter plates and cultured in hypoxanthineamphotericin-thymidine medium containing 15% fetal calf serum. From all wells exhibiting cell growth, supernatants were screened for anti-AP antibodies by radioimmunoassay. Cells from the well that gave the higher titer were cloned twice by the limiting dilution technique in the presence of a mouse thymocyte feeder layer. Positive clones were expanded in cultures and injected intraperitoneally into male BALB/c mice to produce ascitic fluid with highly concentrated antibody.
Antibody was purified from batches of ascitic fluid (-25 ml) by ammonium sulphate precipitation and ion-exchange chromatography. After precipitation, the antibody was dissolved in 0.1 M phosphatebuffered saline (pH 7.5), dialyzed against 10 mM Tris buffer pH 8.0, and passed through a 1.0 X 13-cm Q-Sepharose (Pharmacia, Uppsala, Sweden) column. The antibody was eluted with a linear gradient of 0-300 mM sodium chloride and the first sharp peak was saved. The antibody was dialyzed against 150-mM sodium chloride, concentrated by centrifugation in centriprep tubes, mol wt cutoff 10,000 (Amicon Corp., Danvers, MA) and stored (-20'C) in aliquots of 10 mg/ml (titer 1:800,000).
Experiments using monoclonal antibody. In radioimmunoassay, the monoclonal antibody raised against rat AP (103-126) showed 100% cross-reactivity with human AP (99-126) but did not detect porcine brain natriuretic peptide (BNP) (final concentration 1 'tg per tube). To examine its AP blocking activity in vivo, rats received either monoclonal antibody or an equivalent dose of bovine IgG (Sigma Chemical Co.) in 1 ml 0.9% saline. 7.5 mg ofAP monoclonal antibody (but not bovine IgG), administered intravenously over 15 min, produced a rise in mean blood pressure ( 1±3 mmHg) which fell gradually over the next 2-3 h. This dose of monoclonal antibody completely inhibited the blood pressure and renal response to a 1 5-min infusion of AP (103-126) 600 ng/kg per min, a dose that raises plasma APir levels above 600 pg/ml. However, this dose did not affect the activity of an equivalent dose of porcine brain natriuretic peptide (group 1 (n = 3), Table I ) or furosemide 0.5 mg/kg over 15 min (group 2 (n = 3) Table I ). Thus, the antibody appeared to be specific for the effects of AP.
The effect of monoclonal antibody on volume expansion with and without M + B22498 was studied. Rats were prepared as described above and received either monoclonal antibody (7.5 mg) or bovine IgG in 1 ml of 0.9% saline 60 min before the start of observations. The protocols for volume expansion and administration of M + B22948 described above were followed.
Assays. Urine volume was measured gravimetrically and sodium concentration by flame photometer (IL 943; Instrumentation Laboratory, Inc., Lexington, MA). Plasma AP1, was measured by an ELISA developed in our laboratory (23) . Cyclic GMP concentration was measured by radioimmunoassay. The primary antibody was raised in a 
rabbit against cyclic GMP (Sigma Chemical Co.) conjugated to thyroglobulin (21). 02-monosuccinyl cyclic GMP tyrosine methyl ester (Sigma Chemical Co.) was iodinated by chloramine T method (24) , and used as the radioligand. 5 ,l of urine (or appropriate dilution; 1:1, 1:10, or 1:50) was incubated overnight in 300 ,l sodium acetate buffer (pH 5.9) with primary antibody (final titer 1:75,000), goat antirabbit antibody (final titer 1:12,500) and radioligand (10,000 cpm). The following day, each tube received 2 ml distilled water (4°C) and was centrifuged at 3,000 rpm for 30 min. The supernatant was discarded and the pellet counted by automatic gamma counter. The limit of detection of the assay was 0.25 pmol/tube with intra-and interassay variations of 6 and 14%, respectively. There was no cross-reactivity of the primary antibody with cyclic AMP. Statistics. Data are presented as mean±SEM. Changes in plasma APir and hematocrit were analyzed using t test (paired). Changes in mean blood pressure and urinary sodium and cyclic-GMP excretion were analyzed using two-way analysis with overall significance judged by F tests. An orthogonal contrast was conducted to examine the hypothesis that the sum of the effects of the individual treatments (AP and.M + B22948) were equal to the effect of the combined treatment. ,umol/min, respectively (Fig. 2 a) . Coadministration of these compounds led to a peak response of 8.9 Mmol/min, which was significantly greater (P < 0.01) than the summation of their individual effects. This synergistic effect on sodium excretion was also seen when the dose of M + B22948 was increased to 0.34 mg/kg per min; given together, AP + B22948 produced a peak response of 20 gmol/min, compared with individual responses of 3.7 and 5.5 gmol/min, respectively (Fig. 2 d) . As expected, AP (103-126) 600 ng/kg per min, given alone, gave a greater natriuresis than 100 ng/kg per min (Table II) ; however, in combination with M + B22948 0.34 mg/kg per min, the enhanced natriuresis was comparable to the combined effect of low-dose peptide and 0.34 mg/kg per min phosphodiesterase inhibitor.
The potentiated natriuretic response to AP (103-126) was accompanied by a synergistic effect on urinary cyclic-GMP excretion (Fig. 2, c and f) . For example, given together, AP (103-126) 100 ng/kg per min and M + B22948 0.34 mg/kg per min increased urinary cyclic-GMP levels to 422 pmol/min, compared with 103 and 49 pmol/min, respectively, when given alone (Fig. 2 f) . Equally important is that although blood sampling was infrequent, there was no evidence that M + B22948 affected the plasma APir levels achieved during the AP (103-126) infusions (Table III) .
In contrast to the renal responses are the combined effects of the two compounds on blood pressure. AP (103-126) 100 ng/kg per min produced a gradual fall in mean blood pressure (Fig. 2, b and e) . The low dose of M + B22948 had no effect on blood pressure and when given with AP (103-126), no additional fall in pressure was seen (Fig. 2 b) . The higher dose of M + B22948 produced a comparable fall in blood pressure (118-103 mmHg) to AP (103-126) (122-109 mmHg), but in combination, the peak fall in blood pressure (126-99 mmHg) was additive. Thus there was no evidence of potentiation of AP-induced hypotension from these experiments.
Acute volume-expansion experiments. Volume expansion (1% body wt) produced a peak natriuresis in the control group of 6.62 Mmol/min in the first 15 min collection after the volume load (Fig. 3 a) . This was associated with significant (P < 0.01) rises in plasma APj, (Table IV) and urinary cyclic GMP excretion (Fig. 3 c) .
M + B22948 (0.1 mg/kg per min) alone produced a significant rise (P < 0.05) in sodium excretion in the first 15 min of administration and markedly enhanced natriuresis during and immediately after the volume load. A peak response of 20 umol/min was recorded (Fig. 3 a) . The rise in plasma APj' and fall in hematocrit were similar to the control group (Table IV) , but urinary cyclic-GMP excretion (155±31 pmol/min) was significantly (P < 0.01) greater than that seen in the control group (76±23 pmol/min). Mean±SEM. *, P < 0.01 (compared with baseline).
Pretreatment with monoclonal antibody against AP led to significant inhibition of the natriuretic response to volume expansion when compared with the control group (P < 0.05; time 60-90) and attenuated the response seen in the M + B22948-treated rats (P < 0.01; M + B22948±antibody, time 60-90) (Fig. 3 a) . The pattern of natriuresis was also changed from that of a rapid response followed by a decline to one of a gradual increase in sodium excretion after volume loading. The antibody had no significant effect on basal urinary cyclic-GMP levels but completely blocked the rapid rise in levels associated with volume expansion in both control-and M + B22948-treated groups (Fig. 3 c) .
Discussion
Although it has been recognized for some time that cyclic GMP is an intracellular mediator of the vasorelaxant actions of endothelium-derived relaxant factor and the nitrous-containing vasodilators (13) , the idea that this nucleotide is involved in the renal regulation of sodium excretion has only recently received support. analogues of cyclic GMP have been shown to increase intraglomerular hydrostatic pressure (6) and inhibit sodium transport across inner medullary collecting ducts (14, 15) . M + B22948 exhibits selectivity for a cyclic GMP-specific low Km phosphodiesterase over the corresponding cyclic AMPspecific enzyme (20) . The observation that in vivo administration of this drug increases urinary sodium as well as urinary cyclic-GMP levels is consistent with the hypothesis that cyclic GMP contributes to the regulation of urinary sodium excretion.
A characteristic ofcyclic nucleotide-mediated responses to peptide hormones is enhanced effects ofsubmaximal hormone doses in the presence of phosphodiesterase inhibition (25) . Coadministration of low doses of AP and M + B22948 greatly potentiated the rise in urinary sodium excretion seen with either compound alone. The enhanced natriuresis occurred in the absence of an effect of M + B22948 on plasma APir concentration achieved during infusion of the peptide and was accompanied by potentiation of the rise in urinary cyclic-GMP excretion. It cannot be assumed that the marked rise in urinary cyclic-GMP levels observed in this study were entirely nephrogenous in origin. Nonetheless, it provides evidence that M + B22948 is capable of potentiating the cyclic-GMP response to AP and this seems to be the most likely mechanism by which the drug facilitated the renal response to the peptide. These findings argue that cyclic GMP is a mediator of the natriuretic activity ofAP. It is interesting that infusing a higher dose of AP (600 ng/kg per min) with the phosphodiesterase inhibitor produced no further gain in sodium excretion over the low-dose AP-M + B22948 combination. This may reflect the somewhat greater fall in blood pressure observed in the high-dose AP-M + B22948 group. Alternatively, it may indicate saturation of the cyclic GMP-mediated natriuretic pathway.
An important observation is that cyclic-GMP phosphodiesterase inhibition enhanced the natriuretic properties of AP without inducing detrimental falls in blood pressure. In particular, the combination of low-dose M + B22948 (which itself did not affect blood pressure) with low-dose AP led to a rise in sodium excretion of similar magnitude to that produced by high-dose AP alone, but was accompanied by a smaller reduc- Time (min.) tion in blood pressure. Although M + B22948 has been reported to enhance AP-induced vasorelaxation in vitro (26) , it is important to note that vasodilation is probably a small contributor to AP-induced hypotension in vivo. A more important factor is thought to be a reduction in cardiac output (27) and the physiological and biochemical mechanisms underlying this action of AP are unclear. Recently, Met-O' 10-AP, an analogue of AP which does not increase cyclic GMP in vascular smooth muscle, has been reported to be equipotent with AP in reducing blood pressure in rats (28) . These data and our own cast some doubt on the role of cyclic GMP as a mediator of the blood pressure, lowering effects of AP. Several authors have reported an increase in plasma APir and urinary cyclic-GMP levels after volume expansion and suggested that these changes may contribute to the ensuing natriuresis (3, 29) . We used M + B22948 and a monoclonal antibody directed against AP to examine the relationship between AP, cyclic GMP, and sodium excretion in this condition. Volume loading by 1% body wt produced rises in plasma APir and urinary cyclic-GMP excretion of similar magnitude to those observed with the low-dose infusion of 30, 31) . The anti-AP monoclonal antibody did not reduce basal sodium excretion but blunted the natriuretic response to volume expansion and completely inhibited the rise in urinary cyclic-GMP excretion. These findings are consistent with those of Hirth and colleagues (5, 30) and indicate that AP is an important contributor to the natriuresis of acute volume expansion and a major determinant of the rise in urinary cyclic GMP associated with this stimulus. M + B22948 produced striking potentiation of the natriuresis observed during and after volume loading, an effect that was markedly attenuated by the anti-AP monoclonal antibody. It is not surprising that the effect of M + B22948 was not completely blocked; in the short period between administration of the antibody and drug, the antibody had little effect on basal urinary cyclic-GMP excretion, suggesting renal tissue cyclic-GMP levels were not depleted. However, it is clear that M + B22948 was dependent on the AP-driven surge in cyclic-GMP levels associated with volume loading for its striking effects on sodium excretion. Thus, cyclic GMP appears to play an active role in mediating the AP-stimulated natriuresis associated with acute volume expansion.
Our findings may have a therapeutic application. The discovery of AP raised the possibility of a new therapeutic agent for the management of disorders of sodium and water balance.
Unfortunately, a serious limitation of the efficacy of exogenous AP infusions is that, at high doses of the peptide, the natriuretic response is attenuated by the accompanying fall in blood pressure and renal perfusion pressure. We have shown that postreceptor potentiation of the cyclic-GMP response to AP using a cyclic-GMP phosphodiesterase inhibitor enhances the renal response to AP without detrimental falls in blood pressure. Coadministration of low doses of AP with a cyclic-GMP phosphodiesterase inhibitor or administration of the inhibitor alone (when plasma AP levels are already significantly elevated) may offer a novel strategy for the management of disorders associated with sodium and water retention.
